Introduction GDNFR-␣) as a cell surface, GDNF-binding protein was achieved using an expression cloning strategy (Jing et Neurotrophic factors are important for the proper develal., 1996; Treanor et al., 1996) . GFR␣-2, initially identified opment and maintenance of the nervous system. These as an EST sequence homologous to GFR␣-1 (Baloh et factors promote neuronal survival and can prevent the al., 1997; Sanicola et al., 1997 ; Suvanto neuronal degeneration associated with injury, toxin exet al., 1997) , or GFR␣-1 in conjunction with Ret can posure, or neurodegenerative disease. A family of neumediate both GDNF and NTN signaling, although some rotrophic factors, distantly related to members of the preferential pairing (GFR␣-1:GDNF and GFR␣-2:NTN) is TGF␤ superfamily and structurally distinct from the neuobserved. Ret and the GFR␣-1 and GFR␣-2 coreceptors rotrophins, has recently been identified. 1A). Notably, the cysteine residue spacing characteristic of members of the TGF␤ superfamily was present in In an attempt to identify additional members of this family, we designed degenerate primers to regions of PSP, as were regions of homology common to GDNF and NTN but absent in other members of this super-GDNF and NTN that share a high degree of similarity. Here, we describe the cloning and characterization of family.
All of the rat and mouse PSP cDNAs initially isolated another member of this neurotrophic factor family, Persephin (PSP). PSP is ‫%04ف‬ identical to GDNF and to by RACE PCR contained an apparent shift in the reading frame in the region of the pro-domain. As the coding NTN. Like other members of this family, the PSP gene contains a single intron located within the region that sequences of the pro-domain of both the NTN and GDNF genes are interrupted by an intron, it seemed likely that encodes the pro-domain of the protein. PSP mRNA is expressed at very low levels and was detected in all the PSP gene also contained an intron in this region and that the isolated cDNAs correspond to unspliced PSP tissues examined in embryos and adult animals. PSP supports the survival of motor neurons in culture and mRNA. To identify the putative intron, COS cells were transfected with an expression vector containing the in vivo after sciatic nerve axotomy. It also promotes the survival of ventral midbrain dopaminergic neurons in 570 nucleotide (nt) unspliced PSP fragment (see Experimental Procedures for details). RT-PCR analysis on RNA culture and prevents their degeneration after 6-hydroxydopamine (6-OHDA) treatment in vivo. Like GDNF, PSP isolated from the transfected cells identified a 480 nt PSP RNA in which an 88 nt intron, located in the proalso has effects on kidney morphogenesis, as evidenced by its ability to promote ureteric bud branching. Howdomain at residue 52, had been spliced out. Removal of this intron leads to the formation of a 468 nt open ever, in sharp contrast to these similarities to the actions of GDNF and NTN, PSP does not support any of the PNS neurons examined, including those from the superior cervical, dorsal root, nodose, trigeminal, and enteric ganglia. Fibroblasts transfected with Ret and either GFR␣-1 or GFR␣-2 coreceptors, which both respond to NTN and GDNF, do not respond to PSP, suggesting that PSP utilizes additional, or different, receptor components than do GDNF and NTN.
Results

Persephin Is a Member of the GDNF Family Identified Using Degenerate PCR
To identify additional members of the GDNF family, degenerate primers corresponding to regions where NTN acid sequence different from, but homologous to, GDNF Relative levels of PSP RNA were determined in the indicated rat tissues at embryonic day 18 (E18) or adulthood by semiquantitative RT-PCR (32, 29, 26 cycles) using primers corresponding to the PSP cDNA sequence. The unspliced (open arrowhead) and spliced (closed arrowhead) PSP mRNA species are indicated. Note: control reactions performed in the absence of reverse transcriptase lacked both species, indicating lack of contamination with genomic DNA. Parallel reactions performed using ␤-actin primers showed equivalent signals for each sample.
reading frame encoding a 156 residue prepro protein with a predicted 21 residue signal peptide ( Figure 1B ). Western blot analysis of conditioned medium from the to unspliced PSP transcripts. Analysis of RNA from 293 cells transfected with human PSP expression vector demonstrated that an intron was also present in the protissues and their embryonic counterparts were also exdomain of human PSP. The spliced version of human amined. PSP mRNA appeared to be present at relatively PSP cDNA was sequenced and found to encode a 156 similar levels in most tissues examined, with slightly amino acid protein 80% identical to mouse and rat PSP higher levels in embryonic tissues ( Figure 3 ). ( Figure 1B ). Alignment between hPSP and hNTN indicates 38% identity between the two molecules (50% in the mature region) and that hPSP is 30% identical to Persephin Does Not Maintain Neurons from Peripheral Ganglia and Does Not Signal hGDNF (40% in the mature region). N-terminal sequence analysis of mature human PSP purified from the medium through Ret/GFR␣-1 or Ret/GFR␣-2 Receptor Complexes of transfected 293 cells confirmed that PSP is cleaved as predicted at the RXXR site five residues upstream of To investigate the biological activity of PSP, we performed a number of in vitro and in vivo assays previously the first cysteine ( Figure 1B) . used to analyze GDNF and NTN. In vitro survival assays were performed on neurons from a number of peripheral Persephin Is Expressed at Very Low Levels in Most Tissues ganglia, including superior cervical sympathetic neurons (SCG), sensory neurons from the dorsal root, triTo examine the expression pattern of PSP, an RT-PCR survey of adult and embryonic rat tissues was pergeminal, and nodose ganglia, and enteric neurons. Strikingly, and in contrast to the survival-promoting effects formed. The levels of PSP mRNA were exceedingly low in all samples, consistent with the lack of success in of GDNF and NTN on these neurons, we found that PSP had no survival-promoting effects on any of the detecting PSP mRNA by RNA blot analysis (data not shown). Using RT-PCR, we detected two species of PSP peripheral neurons examined (Figure 4 ; data not shown). These results imply that PSP does not utilize the same mRNA with the larger, more abundant species corresponding to the unspliced PSP mRNA (Figure 3 ). The receptor complexes (i.e., Ret/GFR␣-1 or Ret/GFR␣-2) that are utilized by GDNF and NTN. To test this idea presence of unspliced PSP transcripts is consistent with our experience during the isolation of PSP cDNA clones directly, fibroblasts expressing both Ret and GFR␣-1 or Ret and GFR␣-2 were treated with either PSP or NTN and may signal an important means of regulating PSP levels. The levels of both PSP mRNA species were con- (Baloh et al., 1997) . Cell lysates were prepared, and tyrosine phosphorylated proteins were immunoprecipistant from embryonic day 10 (E10) through E18 (data not shown). The PSP RNA levels in a number of adult tated with anti-phosphotyrosine antibodies. Protein blot of tyrosine hydroxylase-expressing cells was increased over that of control cultures ( Figure 6A ). These results suggested that perhaps PSP, like GDNF and NTN, would also be effective in preventing the death of adult nigral DA neurons following neurotoxic injury by 6-OHDA (Sauer et al., 1995; Horger et al., submitted) . A single intranigral injection of 10 g of PSP was administered to adult rats 1 week following 6-OHDA administration. PSP led to a sparing of cells retrogradely labeled with fluorogold (FG) as compared to vehicle-treated control animals ( Figure 6B ). Because GDNF and NTN promote the survival of motor neurons (Henderson et al., 1994; , rons in vitro prompted us to test its ability to protect neonatal rat spinal cord motor neurons in vivo . Sciatic nerves of rats were sectioned on analysis with Ret antibodies failed to detect activated postnatal day 2 (P2); an FG tracer plus PSP, GDNF, or (tyrosine phosphorylated) Ret after PSP treatment of control was applied directly to the nerve stump (Pennica either fibroblast line ( Figure 5 ). In contrast, tyrosine et al., 1996), and tissue was collected and examined 10 phosphorylated Ret was detected in both fibroblast lines days later. The number of surviving FG-labeled motor after treatment with NTN. These results demonstrate neurons was significantly higher in the PSP-and GDNFthat the presence of Ret/GFR␣-1 or Ret/GFR␣-2 receptreated animals ( Figure 7B ). tor complexes was not sufficient for PSP signaling.
Persephin Stimulates Ureteric Bud Development Persephin Promotes Survival and Prevents
In addition to the effects of GDNF on neuronal survival, Injury-Induced Death of Midbrain GDNF is also essential for renal development as illusDopaminergic and Motor Neurons trated by studies of GDNF Ϫ/Ϫ mice (Moore et al., 1996; Although PSP did not promote the survival of any of the Pichel et al., 1996; Sanchez et al., 1996) . Recent tissue PNS neurons examined, we tested whether it might be culture studies confirm that GDNF affects ureteric bud active on CNS neurons, since GDNF and NTN both prodevelopment, primarily by promoting branching (Sainio mote the survival of midbrain dopaminergic neurons et al., 1997). Using this assay system, we tested the and motor neurons. Cultures of E14 rat ventral midbrain ability of exogenous PSP to "rescue" the arborization (Hynes et al., 1994; Poulsen et al., 1994) were treated of ureteric buds grown in chlorate, a treatment that deprives them of sulphated proteoglycans that normally with GDNF, NTN, or PSP. In each case, the survival (A) PSP promotes survival of E14 rat lumbar motor neurons in culture. E14 rat lumbar motor neurons were purified, plated, and grown in duplicate wells in the presence of the indicated factor. Motor neurons were counted after 4 days in culture. Values are the means Ϯ range of duplicate dishes and represent the number of surviving motor neurons under the indicated conditions; similar results were obtained in two independent experiments. (B) Comparison of the rescue effects of PSP and GDNF on axotomized spinal motor neurons in the rat neonate. The neurotrophic factors (140 g/ml), together with fluorogold, were applied to the central stump of the cut sciatic nerve in 2-day-old rats; controls contained bovine serum albumin. After 10 days, the number of fluorescently labeled motor neurons was determined by examining serial sections (30 m) from L4 to L6 of the spinal cord. PSP and GDNF were significantly different from controls (n ϭ 3-7 per group, p Ͻ 0.001 using Dunnett's and Tukey's pairwise comparison) but not from each other.
facilitate growth factor binding (Farley et al., 1978; may form part of a redundant system that would explain the variability in renal phenotypes of GDNF Ϫ/Ϫ mice. praeger et al., 1991; Davies et al., 1995; Sainio et al., 1997) . The ureteric buds of embryonic kidneys maintained in 15 mM chlorate alone showed little developDiscussion ment, but when PSP or GDNF was added, the number of branch tips increased significantly in a dose-dependent
The recent discovery of NTN, the second member of manner (Figure 8 ). These results indicate that PSP, like what is now termed the GDNF family, revealed amino GDNF, has the potential to act as a renal ramogen and acid sequences that are conserved between these two factors, which are not shared by other members of the TGF␤ superfamily. This enabled the use of a PCR-based strategy using degenerate primers to discover an additional member of the family, which we have named Persephin. PSP is ‫%04ف‬ identical to both mature NTN and GDNF and shares the cysteine spacing characteristics of the TGF␤ family. Recent crystallographic analysis revealed that GDNF has a structure very similar to that of TGF␤-2 (Eigenbrot and Gerber, 1997); thus, the overall structure of PSP and NTN will likely be similar to these proteins as well. However, the activity of PSP was unique compared to NTN and GDNF. NTN and GDNF factors display a very similar profile of activities on peripheral and central neurons: they act upon peripheral sympathetic, neural crest-and placode-derived sensory, and enteric neurons, as well as on mesencephalic dopaminergic and spinal cord motor neurons. In addition, NTN and GDNF both act as kidney ramogens. While PSP also acted upon these CNS neurons and on the developing kidney, it showed no survival-promoting activity on peripheral neurons. This difference in activity profile may be explained by the failure of PSP to signal through either the Ret/GFR␣-1 or Ret/GFR␣-2 receptor complex. 
Structural Characteristics of PSP and PSP mRNA
Mouse kidney rudiments at the T-bud stage were maintained in
As noted above, the structure and amino acid sequence standard medium or medium to which 15 mM chlorate and 0.5-1.5
homology of PSP clearly defined it as a member of the g/ml PSP or GDNF were added. In the absence of chlorate, ureteric GDNF family. A further similarity was revealed by the strucbuds developed an average of 13.4 tips over 72 hr, but in 15 mM ture of the genes encoding these factors in the GDNF chlorate (an inhibitor of GAG sulphation), the number of branches family. Each contains an intron that interrupts the coding reduced dramatically to 4.2. Exogenous PSP or GDNF "rescued" branching activity in a concentration-dependent manner.
region of the pro-domain. In the case of the PSP gene, this intron was only 88 nt long. Some structural features In contrast to the shared actions of these factors on CNS neuronal populations, PSP failed to support periphof PSP were also different from those of NTN or GDNF. For instance, the size of prepro PSP is considerably eral neuronal types upon which NTN and GDNF exert prominent trophic effects. The failure of PSP to induce smaller (156 residues) than NTN or GDNF (195 and 211 residues, respectively). This is potentially important Ret phosphorylation in fibroblasts expressing Ret in conjunction with either GFR␣-1 or GFR␣-2 clearly demsince the long pro-domains of both NTN and GDNF contain more than one potential RXXR cleavage site, onstrated that PSP effects are not mediated through exactly the same receptor systems utilized by NTN and whereas PSP contains only a single cleavage site. Therefore, both GDNF and NTN could potentially exist as GDNF. Although these results would appear to exclude the possibility that these receptor complexes are suffimature species of ‫531ف‬ residues (the size of the originally isolated GDNF molecule) or ‫001ف‬ residues (the size cient to mediate actions of PSP, they leave open several possibilities. For example, PSP could act through an of the originally isolated NTN). The relative abundance or differential biological effects of these potential NTN and entirely different receptor complex wherein the PSP signal is transduced via another tyrosine kinase or a GDNF species are not known; however, such molecular diversity, and potential biological complexity, are not nontyrosine kinase receptor similar to that of other members of the TGF␤ superfamily. However, the failure to possible in the case of PSP since the 96 residue molecule is likely to be the only mature PSP species proobserve a response in the Ret/GFR␣-1-or Ret/GFR␣-2-transfected fibroblasts does not exclude the possiduced.
Perhaps the most intriguing aspect of the structural bility that PSP acts through the Ret tyrosine kinase.
Other GPI-linked coreceptors homologous to GFR␣-1 comparison of the factors is at the mRNA level. During efforts to clone and characterize the PSP cDNA from or GFR␣-2 could mediate the effects of PSP, or an additional subunit might be required for PSP to activate both rodent and human tissue, the only cDNAs identified by RACE, or from libraries of different human tissues, Ret. Such a possibility would be consistent with PSP's actions on CNS neurons and embryonic kidney in which were derived from unspliced mRNA species. This necessitated the transfection of cells with an expression vecRet function is important. tor containing the unspliced cDNA to generate a spliced PSP mRNA and subsequent deduction of the amino acid sequence of prepro PSP. PSP mRNA was not detectable
Therapeutic Potential of the GDNF Family
The therapeutic potential of GDNF as a treatment for using RNA blot analysis or in situ hybridization in any of the tissues examined, indicating that PSP transcripts neurodegenerative disease, particularly Parkinson's disease and motor neuron disease, is of enormous interare in low abundance. In addition, RT-PCR analysis of various tissues revealed that PSP mRNA was ineffiest. Although NTN and PSP have been much less studied than GDNF, all three members of the GDNF family ciently spliced, as spliced and unspliced PSP mRNA species were found at equally low levels in all tissues clearly provide the same qualitative trophic and survivalpromoting effects on the cells underlying these diseases examined. The low level of PSP mRNA inferred that PSP protein would also be present at low levels. Indeed, the in both in vitro and in vivo paradigms. PSP, however, does not act via exactly the same receptor complexes relative abundance of the unspliced PSP mRNA suggests that the regulation of PSP mRNA processing might as do GDNF and NTN and appears to have a narrower range of activities than those factors. PSP may therefore be an important means of regulating the production of PSP protein in tissues.
act more selectively and produce fewer mechanismbased adverse effects, properties that may make it a useful therapeutic agent. Biological Activities of PSP An initial characterization of the biological effects of PSP indicated striking similarities to GDNF and NTN,
Experimental Procedures yet it also produced some surprising differences. Like primers was 5Ј-TGCCTCAGAGGAGAAGATTATC encoding the amino acids ASEEKII. RACE PCR (3Ј) was performed using P1 rat 1996; Sanchez et al., 1996) . This is in sharp contrast to brain template (Clontech) and nested forward primers (P10135, 5Ј-A the kidney, an organ that is profoundly affected in the GTCGGGGTTGGGGTATGCCTCA and M2026, 5Ј-TATGCCTCAGAG GDNF-deficient mice, yet a tissue in which all three fac-GAGAAGATTATCTT) in combination with primers to ligated adaptors tors promote responses in vitro. Clearly, analyses of (AP1, AP2) supplied by the manufacturer (Clontech) and Klentaq LA mice deficient in multiple members of this family will be using two successive PCR reactions (first: P10135 and AP1, using required to understand the physiological significance of 94ЊC for 30 s, 60ЊC for 15 s, 68ЊC for 2 min for 35 cycles; second: M2026 and AP2, using 94ЊC for 30 s, 60ЊC for 15 s, 68ЊC for 2 min these factors on various cell types.
for 21 cycles). An approximately 350 nt fragment, which correof the immunoprecipitated protein was used to determine the N-terminal sequence of mature PSP using standard methods. sponded to PSP, was obtained, subcloned into the EcoRV site pBS-KS, and sequenced. RACE PCR (5Ј) was performed similarly with
To locate the intron in murine PSP, RNA was prepared (Chomczynski and Sacchi, 1987) from transfected COS7 cells; RT-PCR analysis primers predicted from the 3Ј fragment and P1 rat brain template.
Murine PSP genomic clones in a bacteriophage P1 vector were was carried out as previously described (Freeman et al., 1994) using primers corresponding to the initiator Met and stop codons; forward acquired from Genome Systems (St. Louis, MO) with primers 5Ј-TAT GCCTCAGAGGAGAAGATTATCTT and 5Ј-TCATCAAGGAAGGTCAC (5Ј-TGCTGTCACCATGGCTGCAGGAAGACTTCGGA) and reverse (5Ј-CGGTACCCAGATCTTCAGCCACCACAGCCACAAGC). The pa-ATCATCATA. P1 DNA was prepared, and restriction fragments containing the PSP gene were identified by hybridization, subcloned rameters were initial denaturation for 2 min at 95ЊC, then 95ЊC for 30 s, 65ЊC for 30 s, then 72ЊC for 30 s ϫ 35 cycles. The resulting into pBS-KS, and sequenced.
The human PSP cDNA was identified using a combination of fragments were analyzed by agarose gel electrophoresis, cloned, and sequenced. The sequences of the fragments were compared degenerate PCR and cDNA library screening. Degenerate forward to that of the PSP gene to determine the location of the intron. (5Ј-GTSASYGASYTGGGYCTGGGCTAY) and reverse (5Ј-TTVMGSTA To locate the intron in human PSP, a similar analysis to that above CTCCRSMGGCKCYTGC) primers were used along with human gewas performed using PSP-transfected 293 cells. RT-PCR analysis nomic DNA template in a PCR reaction containing Klentaq LA using was carried out with primers corresponding to the initiator Met (5Ј-the following conditions: initial denaturation at 98ЊC for 2 min, then CGCGGATCCATGGCCTGAGGGAAGTTCCTGC) and stop codons five cycles (98ЊC for 30 s, 72ЊC for 1.5 min), five cycles (98ЊC for 30 (5Ј-TCAGCCACGACAGCCGCAGGCAGCC) under the following cons, 70ЊC for 1.5 min), and 25 cycles (98ЊC for 30 s, 68ЊC for 1.5 min) ditions: 98ЊC initial denaturation for 2 min, then 98ЊC for 30 s, 72ЊC followed by a last extension step at 68ЊC for 5 min. The resulting for 1 min, 72ЊC for 1.5 min ϫ 35 cycles. Sequence analysis was products were subcloned into pCR 2.1 plasmid (InVitrogen) and performed as above to establish the location of the intron. sequenced. One of the fragments was homologous to rodent PSP. This fragment was labeled with [ 32 P]dCTP and used as a hybridiza-RT-PCR Expression Analysis tion probe to screen human cDNA libraries (fetal lung, fetal liver, RNA was isolated from tissues, and semiquantitative RT-PCR analyfetal kidney, and adult cerebellum). Multiple clones were isolated sis of PSP RNA levels was performed as previously described (Freeand sequenced. man et al., 1994) , except that after separation on a 2.8% agarose All sequencing was performed on an Applied Biosystems 373 gel, the products were blotted onto nylon membrane and detected DNA sequencer using Taq DyeDeoxy Terminator cycle sequencing by hybridization to 32 P-labeled PSP probe. The signals were visualkits (Applied Biosystems). Sequence editing, mapping, alignment, ized using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). and contig production were performed with the DNAstar software
The primers used to generate the PCR products were: forward (5Ј-package.
TGTCACAATGGCTGCAGGAAGACTT) and reverse (5Ј-AGCTCAGC To construct a PSP expression vector, a fragment of the murine CACTGGTAGGGTCAGG). The PCR parameters were 95ЊC for 30 s, PSP gene extending from the initiator Met to the stop codon 3Ј to 65ЊC for 30 s, then 72ЊC for 30 s ϫ 26, 29, or 32 cycles. The amount the mature region was amplified by PCR using forward (5Ј-TGCTGTC of the RT reaction used in the reaction was normalized by performing ACCATGGCTGCAGGAAGACTTCGGA) and reverse (5Ј-CGGTACCC preliminary PCR reactions with primers to ␤-actin. AGATCTTCAGCCACCACAGCCACAAGC) primers and the murine PSP genomic clone as template. This fragment was cloned in Assays of Persephin Activity pCMV-neo (Brewer, 1994) to produce the PSP expression vector GDNF, NTN, and PSP were produced in E. coli and stored as pre-CMV-PSP.
viously described (Creedon et al., 1997) . Peripheral neuron cultures were produced using standard methods. Superior cervical ganglia Production of Persephin and Anti-Persephin Antibodies from E21 or dorsal root ganglia from E14 Sprague Dawley rats (HarFor production of PSP in Escherichia coli, a fragment encoding the lan Sprague-Dawley, IN) were prepared as previously described mature murine PSP protein (beginning with ALAGSC and ending (Kotzbauer et al., 1996) . In brief, after dissociation, the neurons were grown for 5 days in serum-containing medium in the presence of with the stop codon) was cloned into the pET-30a(ϩ) (Novagen) NGF. The medium was changed to one containing no NGF and plasmid. The PSP protein produced contained an N-terminal 8ϫ His neutralizing anti-NGF antibodies. Then either 50 ng/ml GDNF, 5 ng/ tag and an enterokinase site. PSP produced in bacteria was purified ml NTN, 100 ng/ml PSP, or no factor was added, and survival was and renatured as previously described for NTN and GDNF (Creedon assessed at the end of 3 days by phase-contrast microscopy or by et al., 1997). PSP produced in bacteria was used to immunize rabbits examining neurons fixed in 4% paraformaldehyde and stained with (Cal Tag, Healdsburg, CA). The anti-PSP antiserum was used at a toluidine blue. Nodose ganglia from E21 or dorsal root ganglia from 1:5000 dilution in protein blot analysis. It does not cross-react with P1 Sprague Dawley rats were dissociated as above and plated either NTN or GDNF (data not shown).
directly into 100 ng/ml BDNF, 50 ng/ml GDNF, 50 ng/ml NTN, or 100 ng/ml PSP in serum-containing medium. The cells were assessed for Determining Location of Persephin Intron by Analyzing survival after 3 days in vitro. Trigeminal ganglia were removed from Murine and Human Persephin mRNA E21 rats, dissociated, and plated directly into F12/DME medium and Protein in Transfected Cells containing N2 supplement and 100 ng/ml BDNF, 50 ng/ml GDNF, To examine murine PSP synthesis, COS7 cells were transfected 50 ng/ml NTN, or 100 ng/ml PSP. Cell survival was assessed after with CMV-PSP using calcium phosphate precipitation. Cells were 3 days in vitro. Enteric neuronal cultures were prepared by disharvested and lysed in buffer (50 mM Tris [pH 7.5], 300 mM NaCl, secting the small and large bowel from E14 rat embryos and digest-1% Triton X-100, 1% deoxycholate, 10 mM EDTA, 0.1% SDS, 5 ing with dispase and collagenase for 30 min at 37ЊC (R. O. H., g/ml leupeptin, 7 g/ml pepstatin, and 250 M PMSF). Samples unpublished data). Single-cell suspensions were obtained by trituraof either cell lysate or conditioned medium from these cells were tion, and aggregates were removed by filtering through a nylon electrophoresed through a 15% tricine SDS-polyacrylamide gel. The mesh. Cells were maintained on chamber slides in serum-free, modiseparated proteins were transferred to nitrocellulose, and PSP was fied N2 medium in the presence or absence of various concentradetected by incubation with anti-PSP antibodies, anti-rabbit HRP, tions of NTN, GDNF, or PSP (up to 300 ng/ml) for up to 2 weeks. and visualized with ECL chemiluminescence and autoradiography.
Neurons were identified both by morphology and by using antibodTo examine human PSP synthesis, 293 cells were transfected ies that recognize neurofilament H, peripherin, as well as vasoactive with a human PSP (containing a C-terminal FLAG tag) expression intestinal peptide and substance P, which identify subsets of enteric vector. Samples of either cell lysate or conditioned medium were neurons. Fibroblasts expressing Ret and GFR␣-1 or Ret and GFR␣-2 incubated with anti-FLAG antibody and protein G-Sepharose to prewere generated and maintained as previously described (Baloh et (1997) . Neurturin shares receptors and signal transduction were prepared essentially as previously described (Hynes et al., pathways with glial cell line-derived neurotrophic factor in sympa-1994; Poulsen et al., 1994) . In brief, cultures enriched for DA neurons thetic neurons. Proc. Natl. Acad. Sci. USA 94, 7018-7023. of the ventral mesencephalon were obtained from E14 rats. Tissues were dissected and plated as previously reported with a few excepDavies, J.A., Lyon, M., Gallagher, J., and Garrod, D. (1995) . Sultions. Cells were plated on glass coverslips placed in 24-well plates.
phated proteoglycan is required for collecting duct growth and The concentration of insulin in the medium was decreased from 5 branching but not nephron formation during kidney development. g/ml to 2.5 g/ml. NTN, PSP, or GDNF was added once at the Development 121, 1507-1517. time of plating. The factors were prepared as a 20ϫ concentrated Eigenbrot, C., and Gerber, N. (1997) . X-ray structure of glial cellsolution in 1 mM HCl before the final dilution (resulting in a final derived neurotrophic factor at 1.9 Å resolution and implications for concentration of 50 M HCl in the medium). After 4 days, the cultures receptor binding. Nat. Struct. Biol. 4, 435-438. were fixed, stained for tyrosine hydroxylase (Chemicon), and Farley, J.R., Nakayama, G., Cryns, D., and Sagel, I.H. (1978) . Adenocounted. Analysis of the effects of PSP or GDNF on loss of mesencesine triphosphate sulphurylase from Penicillium chrysogenicum: phalic neurons after intrastriatal injection of 6-OHDA was performed equilibrium binding, substrate hydrolysis and isotope exchange essentially as previously described (Sauer et al., 1995) . A single studies. Arch. Biochem. Biophys. 185, 376-390. injection of a particular factor was made in a volume of 2 l of 1 Freeman, R.S., Estus, S., and Johnson, E.M., Jr. (1994) . Analysis of mM HCl 1 week after the injection of 20 g of 6-OHDA. Animals cell cycle-related gene expression in postmitotic neurons: selective were sacrificed 4 weeks after injection of factor. induction of cyclin D1 during programmed cell death. Neuron 12, Cultures of E14 rat motor neurons were purified, plated, and grown 343-355. on duplicate wells in L15 medium with N2 supplement plus 2% Gash, D.M., Zhang, Z., Ovadia, A., Cass, W.A., Yi, A., Simmerman, horse serum as described in detail (Henderson et al., 1994) . Cultures L., Russell, D., Martin, D., Lapchak, P.A., Collins, F., et al. (1996) . were exposed to various concentrations of PSP and compared to Functional recovery in parkinsonian monkeys treated with GDNF. concentrations of GDNF or BDNF that produce maximal survivalNature 380, 252-255. promoting activity . The ability of PSP or GDNF Henderson, C.E., Phillips, H.S., Pollock, R.A., Davies, A.M., Lemeulle, to prevent the death of rat motor neurons after sciatic nerve axotomy C., Armanini, M., Simpson, L.C., Moffet, B., Vandlen, R.A., Koliatsos, of 2-day-old rats was determined 10 days after transection as de-V.E., and . GDNF: a potent survival factor for scribed by Vejsada et al. (1995) .
motoneurons present in peripheral nerve and muscle. Science 266, To assess the effects of PSP on ureteric bud development, murine 1062-1064. E11 kidney rudiments were dissected and treated with chlorate (15 mM) in culture, and the number of branch tips was quantitated as Hynes, M., Poulsen, K., Armanini, M., Berkemeier, L., Phillips, H., previously described (Davies et al., 1995; Sainio et al., 1997) .
and . Neurotrophin-4/5 is a survival factor for embryonic midbrain dopaminergic neurons in enriched cultures. J. Neurosci. Res. 37, 144-154.
